The lipopolysaccharide (LPS) of the Gram-negative legume symbiont Rhizobium leguminosarum biovar viciae 3841 contains several unique modifications, including the addition of a 27-hydroxyoctacosanoic acid (27OHC28 : 0), also termed the very long chain fatty acid (VLCFA), attached at the 29 position of lipid A. A transposon mutant that lacks expression of two putative 3-oxo-acyl [acyl-carrier protein] synthase II genes, fabF1 and fabF2, from the VLCFA biosynthetic cluster, was isolated and characterized. MS indicated that the lipid A of the mutant lacked the VLCFA modification, and sodium deoxycholate (DOC)-PAGE of the LPS indicated further structural alterations. The mutant was characteristically sensitive to several stresses that would be experienced in the soil environment, such as desiccation and osmotic stresses. An increase in the excretion of neutral surface polysaccharides was observed in the mutant. This mutant was also altered in its attachment to solid surfaces, and was non-motile, with most of the mutant cells lacking flagella. Despite the pleiotropic effects of the mutation, these mutants were still able to nodulate legumes and fix atmospheric nitrogen. This report emphasizes that a structurally intact VLCFAcontaining lipid A is critical to cellular traits that are important for survival in the rhizosphere.
INTRODUCTION
Rhizobium leguminosarum biovar viciae 3841 is a Gramnegative soil bacterium and a nitrogen-fixing symbiont of leguminous plants (Johnston & Beringer, 1975) . As with other Gram-negative bacteria, the outer leaflet of the outer membrane of R. leguminosarum is composed primarily of lipopolysaccharide (LPS), which includes three distinct structural components: the lipid A, which is located in the lipid membrane; the core polysaccharide; and the variable O-antigen, which protrudes from the cell surface into the external milieu (Kannenberg et al., 1998 Gram-negative bacteria. These alterations include a galacturonic acid residue at the 49 position (Que et al., 2000a, b; Bhat et al., 1994) , lack of phosphate groups at the 1 and 49 positions (Que et al., 2000a, b; Bhat et al., 1994) , the presence of a very long chain fatty acid (VLCFA) composed of a 27-hydroxyoctacosanoate chain attached by an acyloxyacyl linkage at the 29 position (Bhat et al., 1994) , and finally the replacement of the reducing-end glucosamine with a 2-deoxy-2-aminogluconate residue (Bhat et al., 1991) .
A number of genes have been identified in the genome of R. leguminosarum 3841 that are required to produce the unusual lipid A structure (Basu et al., 2002) . In particular, the synthesis and attachment of the VLCFA is thought to require a group of six proteins. The proteins are: an acyl carrier protein (acpXL), a putative dehydratase (fabZ), two putative 3-oxo-acyl [acyl-carrier protein] synthase II enzymes (fabF1 and fabF2), a putative dehydrogenase, and a unique long chain acyltransferase (lpxXL) (Basu et al., 2002) .
Mutational analyses of acpXL and lpxXL have confirmed their essential role in the modification of lipid A with the VLCFA in free-living R. leguminosarum (Basu et al., 2002; Ferguson et al., 2005; Vedam et al., 2003 Vedam et al., , 2006 . These studies have also demonstrated the importance of VLCFA during the establishment of the plant symbiosis. Mutation of acpXL or lpxXL delays the establishment of nitrogen-fixing nodules, indicating that the VLCFA plays a role during infection. In addition, Vedam et al. (2006) have found that bacteroids formed by an acpXL mutant are partially restored in the VLCFA. These results indicate that there is a functional replacement for acpXL that is activated in planta, suggesting that VLCFA is in fact essential for symbiosis.
We report here, for the first time, to our knowledge, the isolation of a transposon mutant in the putative 3-oxoacyl [acyl-carrier protein] synthase fabF2 that was discovered during a screen for mutants with defects in their cell envelope. Structural analysis of the lipid A confirms that the mutant lacks the VLCFA. Characterization of the mutant using a desiccation-sensitivity assay determined that it has an increased sensitivity to desiccation stress. In addition, the mutant is altered in biofilm formation and is non-motile. The pleiotropic nature of the mutant emphasizes the importance of the VLCFA in the lipid A structure and suggests that intact lipid A is crucial for survival of R. leguminosarum in the rhizosphere.
METHODS
Strains, media and growth conditions. Strains and plasmids used in this study are listed in Table 1 and primer sequences used are listed in Supplementary Table S1 . Escherichia coli strains were cultured using Luria-Bertani (LB) medium (Sambrook et al., 1989) , supplemented as necessary with the following concentrations of antibiotics (mg ml 21 ): gentamicin, 15; ampicillin, 100; spectinomycin, 100; tetracycline, 10. R. leguminosarum cells were cultured using tryptone-yeast (TY) medium, with a standard CaCl 2 concentration of 3.5 mM (Beringer, 1974) , or Vincent's minimal medium (VMM) modified with 10 mM mannitol (Vincent, 1970) , and supplemented as required with the following concentrations of antibiotics (mg ml 21 ): gentamicin, 30; neomycin, 100; tetracycline, 5; streptomycin, 500. Motility of the 38EV28 mutant was evaluated by inoculating the wild-type, mutant and complemented strains into yeast extract swimming (YES) medium (Yost et al., 1998) and measuring the swim diameter after incubation for 48 h at 30 uC.
Transposon mutagenesis. Mutagenesis was performed using the mini-Tn5 derivative, pTGN (Tang et al., 1999) . Biparental matings of the E. coli mobilizer strain S17-1 containing the pTGN vector and R. leguminosarum 3841 were performed at 30 uC for 24 h on TY plates. Transconjugants were selected on VMM with streptomycin and neomycin, and subsequently screened for inability to grow on the solid complex medium TY. We have previously observed that certain mutants with defects in the cell envelope are unable to grow on complex solid media (Gilbert et al., 2007; C. K. Yost and others, unpublished data) . Therefore, we used the lack of growth on TY as a screen to enrich for isolation of transposon mutants with defective cell envelopes. Genomic DNA was isolated from transposon mutants unable to grow on TY and used as a PCR template to identify the transposon insertion site. The transposon insertion site was identified using the restriction enzyme site-directed amplification (RESDA) PCR protocol, as described by González-Ballester et al. (2005) . Briefly, the specific primer TGN1 (SigmaGenosys Canada), which binds within the GFP gene cassette of the transposon, and the arbitrary degenerate primer DegTaqI, were used in the primary reaction, which was followed by a secondary reaction with the primers TGN2 and Q0 (González-Ballester et al., 2005) , and 1 ml of primary reaction as template. Fragments were subsequently cloned into the pCR2.1 TOPO vector according to the manufacturer's instructions (Invitrogen), and sequenced using the T7 primer binding site available in the pCR 2.1 TOPO vector.
Sequence analysis. The transposon insertion site was identified using a BLASTN search (Altschul et al., 1997) at the Rhizobase database (Kazusa DNA Research Institute; http://bacteria.kazusa.or.jp/rhizobase/). DNA sequencing was performed by the University of Calgary Core DNA Services. DNA sequence data were analysed using 4Peaks software (version 1.7.2; A. Griekspoor and T. Groothuis; http:// mekentosj.com/4peaks/). Sequence alignments were performed using CLUSTAL W (Thompson et al., 1994) . All PCR products that were cloned into pCR2.1 TOPO vectors were sequenced to confirm the nature of the PCR amplicon.
Complementation of fabF2/F1 mutant. To create a fabF2 single mutant, a plasmid expressing fabF1 only was used to complement the polar fabF2/F1 mutant. Primers FabF1F and FabF1R were used to amplify a 1330 bp fragment containing the entire fabF1 gene and upstream region using Pfx50 DNA polymerase (Invitrogen) as recommended by the manufacturer. The PCR product was then cloned into the pCR2.1 TOPO vector as per the manufacturer's instructions, resulting in pEV35. The vector pEV51 was constructed for complementation by excising the fabF1 fragment from pEV35 with BamHI and ligated into the BamHI site of the vector pDG71. Orientation of the fragment was confirmed by sequencing. The pEV51 vector was then transformed into the mobilizer strain S17-1 and conjugated into the fabF2/F1 mutant. Mutants were selected using tetracycline, and expression of fabF1 was confirmed by RT-PCR.
Mutagenesis of fabF1. Primers FabF2F and FabF1RTR were used to amplify a 456 bp internal fragment of fabF1 using 1 U Taq DNA polymerase (UBI). PCR products were cloned into the pCR2.1 TOPO vector as per the manufacturer's instructions, resulting in pEV26. The vector pEV28 was constructed for mutagenesis of fabF1 by allelic exchange using the method described by Quandt & Hynes (1993) .
Briefly, the entire internal fragment of fabF1 was excised using BamHI and ApaI restriction sites in the pCR2.1 TOPO vector and ligated into the same sites in the vector pJQ200SK+, creating pEV28. The pEV28 vector was subsequently transferred to the mobilizer strain S17-1, and biparental matings were performed overnight on VMM supplemented with 0.5 mM proline. Mutants were selected on the basis of gentamicin resistance and further screened for inability to grow on the complex medium TY. Putative mutants were confirmed by PCR.
Standard molecular techniques. Plasmid DNA was isolated using the alkaline lysis method (Sambrook et al., 1989) . Restriction endonucleases were purchased from Invitrogen and used according to the manufacturer's instructions. When necessary, PCR products were isolated from agarose gels using reagents and protocols from the QIAEX II gel extraction kit.
RNA extraction. RNA was extracted using a modification of the method supplied with the Aurum Total RNA Mini kit (Bio-Rad). Briefly, 4 ml samples of overnight cultures were pelleted and resuspended in 650 ml of 500 mg lysozyme ml 21 in Tris-EDTA buffer (10 mM Tris, 1 mM EDTA, pH 7.5) and incubated for 5 min at room temperature. A 350 ml volume of Cell Lysis Solution (Bio-Rad) was then added and the solution was transferred to a tube containing FastPrep RNA matrix (Qbiogene) and vortexed at full speed for 10 min using a 1.5-2 ml vortex adaptor (MoBio Laboratories). Tubes were then centrifuged at 12 000 g for 5 min and the supernatant was transferred to an RNA binding column. The remainder of the extraction used the protocols and reagents supplied with the Aurum Total RNA Mini kit (Bio-Rad).
RT-PCR. Primer sequences for FabZ, FabF2F, FabF2R, FabF1RTF, FabF1RTR, RL2813F and RL2813R, used for RT-PCR, are listed in Supplementary Table S1 . Reverse-transcription reactions were carried out according to the protocol of Manzon et al. (2007) . Briefly, 10 ml RNA was treated with 1 U DNase I (Fermentas) in a total volume of 16 ml for 30 min at 37 uC. Dnase I was heat-inactivated at 75 uC for 5 min. A 1.2 ml volume of the appropriate 2 mM reverse primer was then added followed by incubation at 70 uC for 10 min. Samples were snap-cooled on ice and 2 ml 10 mM dNTPs were added, followed by incubation at 37 uC for 5 min. A 1 ml volume of RevertAid M-MuLV Reverse Transcriptase (Fermentas) was added and samples were incubated at 42 uC for 50 min, followed by heat-inactivation at 70 uC Isolation of LPS. LPS was extracted from bacteria using the hot phenol-water extraction procedure described by Westphal & Jann (1965) . Dialysed phenol and water phases (3500 molecular weight cut-off tubing) were concentrated, freeze-dried and further purified by ultracentrifugation at 100 000 g for 6 h at 4 uC. LPS recovered from pellets after freezedrying was purified from any contaminating phospholipids by washing three times with chilled 9 : 1 ethanol : water (v/v).
Lipid A isolation and MS analysis. Lipid A was released from LPS by hydrolysis with 1 % acetic acid at 100 uC for 2 h. Lipid A was separated from oligosaccharides and O-chains by centrifugation for 25 min at 3500 g and 4 uC, washed three times with nanopure water and lyophilized. The lipid A was then extracted with chloroform : methanol : water (2 : 2 : 1.8 by vol.). The organic phase was reextracted with water and, after concentration under a stream of nitrogen, used for MALDI-MS and compositional analyses.
Lipid A preparations were dissolved in chloroform : methanol, 3 : 1 (v/v). Solutions (5 mg ml 21 ) were mixed 1 : 1 (v/v) with 0.5 M 2,4,6-trihydroxyaceto-phenone (THAP) matrix and 1 ml was then applied onto a stainless steel MALDI plate. Spectra were acquired in negative reflector mode using an Applied Biosystems 4700 Proteomics Analyser with a TOF/TOF tandem mass spectrometer.
Chemical characterization of lipid A. The compositions of lipid A were determined by preparation of trimethylsilyl (TMS) methyl glycosides. Briefly, samples were subjected to methanolysis with methanolic 2 M HCl at 80 uC for 18 h, N-acetylated [3 : 1 : 1 methanol : pyridine : acetic anhydride (by vol.)] at 100 uC for 1 h, and finally trimethylsilylated with Tri-Sil reagent (Pierce) for 30 min at 80 uC, as described by York et al. (1985) . The resulting TMS methyl glycosides and fatty acid methyl esters were analysed by combined GC-MS.
Sodium deoxycholate (DOC)-PAGE analysis of LPS. For wildtype, fabF2/F1
2 and fabF2 2 , 1 mg extracted LPS was resuspended in 1 ml sample buffer. For fabF2/F1 2 pCS115, fabF1 2 , and fabF1 2 pCS115, cells were scraped off agar plates and resuspended in water. The cell number in each sample was standardized by measuring OD 600 . Cells were then pelleted and samples for electrophoresis were prepared by resuspending cells of the appropriate strains in Laemmli solubilization buffer (100 ml) and boiling for 10 min (Laemmli, 1970) . Contaminating proteins were then removed by incubating samples at 60 uC for 45 min in the presence of 2 mg protease ml 21 (Sigma-Aldrich). LPS molecules were then separated by DOC-PAGE, as described previously (Reuhs et al., 1993) and silverstained using the Bio-Rad Silver Stain kit. Gels were run three independent times to confirm the observations. Desiccation, detergent and osmotic stress assays. Desiccation sensitivity assays were performed using the filtration method described by Ophir & Gutnick (1994) and as modified by Gilbert et al. (2007) . Detergent sensitivity assays were performed as described by Gilbert et al. (2007) . Hyperosmotic stress assays were performed by inoculating strains into TY medium with 69.5 mM NaCl. Wild-type cells will not grow at concentrations higher than 69.5 mM; therefore, this concentration represents the maximum tolerable level of osmotic stress. Cultures were grown at 30 uC for 48 h and then the OD 600 was measured. Hypo-osmotic stress tolerance was determined using the low-osmolarity glutamate yeast extract mannitol (GYM) medium described by Dylan et al. (1990) .
Quantitative determination of secreted polysaccharides. The method for exopolysaccharide (EPS) quantification was a modification of those described by Ngwai et al. (2006) . Briefly, cells were grown to stationary phase in 25 ml VMM minimal media. Cells were pelleted at 7710 g for 20 min at 4 uC, and washed with 25 ml 1 M NaCl, 10 mM EDTA at pH 8.0. The EPS was then precipitated from the combined culture and NaCl-EDTA wash supernatants by the addition of two volumes of ice-cold 2-propanol. The precipitated polysaccharide was then spooled and dried in a sterile Petri dish at 37 uC overnight. Results are reported as the mass of EPS produced per milligram of dry cell mass. The capsular polysaccharide (CPS) was extracted according to the method of Zevenhuizen (1984) . Precipitated CPS was then dried overnight at 37 uC and the results reported as the mass of CPS produced per milligram of dry cell mass. The amount of total neutral polysaccharide was determined by combining the remaining ethanol supernatants from the EPS and CPS determinations and quantifying the amount of glucose using the anthrone-sulphuric acid assay as described by Laurentin & Edwards (2003) . The amount of reducing sugars in the neutral polysaccharide fraction was determined using the method described by Lever (1972) .
Biofilm cultivation. Biofilms were grown in the Calgary Biofilm Device (CBD; Innovotech), using a procedure modified from that previously described by Ceri et al. (1999) . First, strains were streaked out twice on the appropriate selective agar medium. Colonies were collected from the second agar subculture using a sterile cotton swab and were suspended in double-distilled water (ddH 2 O) to match a 1.0 McFarland standard. This standardized bacterial suspension was then diluted 1 : 15 into VMM that contained 1 % mannitol and 500 mg streptomycin ml
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, which, when verified by viable cell counting, provided a starting inoculum of approximately 1610 7 c.f.u. ml 21 . A 22 ml volume of this standardized inoculum was added to the trough of the CBD. The devices were sealed with Parafilm and then incubated at 30 uC for 72 h on a rocking table set to 3.5 rocks per minute. CBD biofilms were rinsed by placing the peg lid into a microtitre plate that contained 200 ml ddH 2 O in each well. For viable cell counts, the peg lids were transferred into a second microtitre plate, also containing 200 ml ddH 2 O in each well, into which biofilms were disrupted using an ultrasonic cleaner as previously described by Ceri et al. (1999) . Cells from the disrupted biofilms were serially diluted 10-fold and plated for viable cell counting on VMM+1 % mannitol agar. Spot plates were grown for 72 h before enumeration.
Confocal laser scanning microscopy (CLSM). Pegs were broken from the lid of the CBD using a pair of flamed needle-nose pliers. Biofilms, which had been grown on the surface of the peg, were stained with acridine orange (AO) or with Syto-9 in combination with tetramethylrhodamine isothiocyanate-conjugated concanavalin A (TRITC-ConA), as previously described by Harrison et al. (2006 Harrison et al. ( , 2007 . AO, which fluoresces green, is a nucleic acid intercalator that stains biofilm cells as well as extracellular nucleic acids, and thus may be used a biomass indicator. Syto-9 is also a membrane-permeable nucleic acid intercalator, which fluoresces green, whereas TRITC-ConA is a red fluorophore-conjugated lectin that binds to a-D-mannose and a-Dglucose monomers, as well as certain derivatives of these sugars, with high affinity. In this fashion, Syto-9 and TRITC-ConA can be used in combination to stain bacterial cells and extracellular polysaccharides, respectively. To preserve structure and extracellular biomass, biofilms were fixed with 5 % glutaraldehyde overnight at 4 uC prior to staining with Syto-9 and TRITC-ConA. These fixed biofilms were rinsed twice with ddH 2 O before mounting for microscopy.
Fluorescently labelled biofilms were placed in two drops of ddH 2 O on the surface of a glass coverslip. These pegs were examined using a Microbiology 155 Leica DM IRE2 spectral confocal and multiphoton microscope with a Leica TCS SP2 acoustic optical beam splitter (Leica Microsystems), as previously described (Harrison et al., 2007) . For AO-stained samples, biofilms were scanned using 476 nm excitation and fluorescence was measured in the green region of the spectrum. The dual-labelled samples were sequentially scanned, frame-by-frame, first at 488 nm and then at 543 nm. Fluorescence emission was sequentially measured in the green and red regions of the spectrum, respectively. Line averaging (62) was used to capture images with reduced noise. A 636 water-immersion objective was used in all imaging experiments. Image capture and 2D reconstruction of z-stacks were performed using Leica Confocal Software (Leica Microsystems).
Construction of an ndvB : : gusA transcriptional fusion. A 327 bp fragment containing the promoter of ndvB was amplified with the primers ndvBF and ndvBR and the reaction conditions described above for mutagenesis of fabF1. The fragment was subsequently cloned into the pCR2.1 TOPO vector as per the manufacturer's instructions. The promoter fragment was then excised using KpnI and EcoRI and ligated into the pFUS1P vector containing the gusA reporter gene. The plasmid pNdvB was then conjugated into the wild-type and the fabF1 mutant to measure gene expression as described below.
Motility-related gene fusions. Promoter regions of the flaA, rem and visN genes from R. leguminosarum VF39 were amplified and cloned into the pFUS1 vector (M. F. Hynes and others, unpublished data). flaA, rem, visN, mcpC and mcpD from VF39 are homologous to the following genes in R. leguminosarum 3841: RL0718, RL0727, RL0697, pRL120312 and RL2683, respectively.
b-Glucuronidase (gusA) reporter gene assays. To measure the gene expression of several chemotaxis, flagellar and motility genes, the plasmids pCGR, pDGRP, pAVP, pVNVP and pSVP SUM, with gusA transcriptional fusions to mcpC, mcpD, flaA, visN and rem, respectively, were conjugated into 3841 and 38EV28. The enzyme assays for bglucuronidase activity were carried out based on the b-galactosidase activity method of Miller (1972) , with modifications described by Yost et al. (2004) .
Electron microscopy for flagella visualization. Cells from agar cultures were resuspended in distilled water and negatively stained with 1 % uranyl acetate and bacitracin as a wetting agent. Samples on carbon-Formvar-coated grids were examined in a Philips EM 410 electron microscope operating at 60 kV.
RESULTS
The fabF2 gene is part of a three-gene operon
The fabF2 mutant was isolated during a transposon mutagenesis screen intended to identify mutants of R. leguminosarum 3841 with defects in the cell envelope. The transposon insertion site of the fabF2/F1 mutant was mapped to base pair 999 of the putative 3-oxoacyl [acylcarrier protein] synthase fabF2 (Fig. 1) . The fabF2 gene is the third of a group of six genes associated with the synthesis of the unique VLCFA component characteristic of rhizobial LPS. Earlier work by Sharypova et al. (2003) suggests that the orthologous gene cluster in Sinorhizobium meliloti is made up of three transcriptional units: (1) acpXL; (2) fabZ, fabF2 and fabF1; and (3) a putative dehydrogenase and lpxXL. RT-PCR was used to determine whether R. leguminosarum has an operon structure similar to the putative organization in S. meliloti, and to determine the possible polarity of the transposon mutation (Fig. 1) . It was determined that the three genes fabZ, fabF2 and fabF1 are co-transcribed, and that the adjacent downstream dehydrogenase gene is transcribed separately from these three. The predicted ORFs of the fabF2 and fabF1 genes also overlap, suggesting that these two genes are translationally coupled. These results indicate that the transposon mutation is a polar mutation, affecting expression of the fabF1 and fabF2 genes. Both fabF1 and fabF2 single mutants were also isolated and were unable to grow on the complex agar TY (data not shown).
Amino acid sequence analysis of FabF1 and FabF2
The fabF1 and fabF2 genes disrupted in the transposon mutant are both annotated as 3-oxoacyl-[acyl-carrier protein] synthases, which are also referred to as genes encoding putative b-ketoacyl-acyl carrier protein synthases (KAS II). Analysis of the FabF1 and FabF2 amino acid sequences with PSORTb v.2.0 (Gardy et al., 2005) found that both are predicted to be cytoplasmic proteins.
The predicted FabF1 and FabF2 amino acid sequences were aligned with the canonical FabF amino acid sequence from E. coli. Based on this alignment it was determined that the majority of the catalytic triad residues, as well as the other highly conserved active site residues of E. coli FabF, are present in FabF1 but not FabF2 (Supplementary Fig. S1a) . A previous structural analysis of FabF from E. coli revealed that it uses a Cys-His-His catalytic triad, with the cysteine residue acting as the nucleophile during the reaction (Huang et al., 1998) , and although this hallmark triad is present in FabF1, it is absent from FabF2. FabF2 is highly conserved amongst the Rhizobiales (Vedam et al., 2006) . Alignment of the R. leguminosarum 3841 FabF2 with a number of other FabF2 sequences revealed that Cys 98 is highly conserved, and there are a number of conserved histidine residues that could be part of a catalytic triad ( Supplementary Fig. S1b) .
In E. coli, there are three 3-oxoacyl [acyl-carrier protein] synthase II (KAS) enzymes, designated FabB (KAS I), FabF (KAS II) and FabH (KAS III). FabH is involved in initiating fatty acid biosynthesis by catalysing the initial condensation reaction between malonyl-ACP and acetyl-CoA, whereas FabB and FabF are involved in fatty acid chain elongation by catalysing the condensation of malonyl-ACP to an acyl group on the growing fatty acid chain (reviewed by Heath et al., 2001) . In order to determine whether the FabF2 sequence was an orthologue of FabH or FabB, rather than FabF, a neighbour-joining phylogenetic tree was constructed (data not shown). However, based on this analysis it was determined that FabF2 was most closely related to FabF.
Lipid A of the fabF2/F1 mutant lacks the VLCFA Composition results for the lipid A preparations showed the presence of galacturonic acid (GalA), glucosamine (GlcN) and 2-aminogluconate (GlcNonate). The major fatty acids present in the lipid A from the parent strain (3841) were bOHC14 : 0, bOHC16 : 0, bOHC18 : 0 and 27OHC28 : 0, with smaller amounts of bOHC15 : 0. These fatty acyl components are consistent with the previously reported structure for the lipid A from R. leguminosarum and R. etli strains (Bhat et al., 1994 (Bhat et al., , 1991 Kannenberg et al., 1998) . The lipid A from the fabF2/F1 mutant did not contain 27OHC28 : 0 but did contain the other fatty acyl residues found in the parent 3841 lipid A. In addition, the fabF2/F1 mutant lipid A contained C16 : 0, C18 : 0 and C18 : 1. The lipid A from the fabF2 single mutant contained the same fatty acyl components as found in the fabF2/F1 lipid A.
Each lipid A preparation was subjected to MALDI-TOF MS analysis as described in Methods. The spectra are shown in Fig. 2 . Proposed structures are consistent with the composition results, the observed ions, as well as the published structures (Kannenberg et al., 1998; Que et al., 2000a, b; Vedam et al., 2003) for R. leguminosarum and R. etli lipid A (Fig. 2) . The wild-type (3841) lipid A preparations had compositions and ions that were consistent with structures A, B, C, D, A9, B9 and C9 shown in Fig. 2 . Structures A, B and C are penta-acylated lipid A molecules that vary due to the form of the proximal glycosyl residue; i.e. in structure A this residue is GlcNonate, in B it is GlcN, and in C it is GlcNonolactone. The 'prime' forms of these molecules were also present, in which the 27-hydroxyl group of 27OHC28 : 0 is esterified by a b-hydroxybutyryl (bOHC4 : 0) residue. During mild acid hydrolytic release of the lipid A from the LPS, the GlcNonate residue can be lactonized and partial release of the fatty acyl residue from O3 of the GlcNonolactone residue occurs through acid-catalysed belimination, resulting in structure D. Both the fabF2/F1 mutant and the fabF2 mutant lipid A preparations had compositions and ions that were consistent with structures E, F, G, I, J and K. Structures E, F and G are structures that lack the 27OHC28 : 0 residue from the lipid A. Each of these mutant lipid A preparations also contains compositions and ions consistent with structure H, which is the b-elimination product of structure G, likely produced during the mild acid hydrolytic release of the lipid A from the LPS, as described above for structure D.
The LPS of mutants deficient in VLCFA is altered
The LPS molecules from the wild-type, the fabF2/F1, fabF1 and fabF2 mutants, and the complemented fabF2/F1 and fabF1 mutants, were separated by DOC-PAGE (Fig. 3) . PAGE separation of the LPS of the wild-type strain resolved in a ladder pattern that is characteristic of LPS with a different number of O-repeat units in the O-antigen (O-specific polysaccharide) (lane 1) (Carlson, 1984; Hitchcock & Brown, 1983) . In contrast, the LPS extracts from the fabF2/F1 and fabF2 mutants contained two intense bands characteristic of the high-molecular-weight LPS and the low-molecular-weight LPS (lanes 2 and 3), and LPS from the fabF1 mutant had one high-molecular-weight band (lane 6). The absence of the ladder pattern in the lanes containing LPS from the mutants suggests alterations to the O-antigen structure. The faster mobility of the lowmolecular-weight band of the fabF2/F1 LPS in the gel would indeed be indicative of a loss of the VLCFA from the lipid A, in agreement with compositional results and results of MALDI-MS.
Sensitivity of the fabF2/F1 double mutant, fabF2, and fabF1 single mutants to membrane stressors The fabF2/F1, fabF2 and fabF1 mutants were unable to grow on the solid complex TY medium; however, the mutants were able to grow in TY broth, although their growth was slowed compared with the wild-type (data not shown). Growth on solid TY could be partially restored by increasing the concentration of Ca 2+ from 3.5 to 8.5 mM. These results are similar to those found for an lpxXL mutant in S. meliloti, which is unable to grow on complex medium without additional supplementation with 2.5 mM CaCl 2 and 2.5 mM MgSO 4 (Ferguson et al., 2005) . Divalent cations are known to provide stability to the outer membrane by interacting with LPS molecules (Nikaido & Vaara, 1985) . These results suggest that mutations that eliminate the VLCFA from lipid A destabilize the outer membrane and that this can be partially compensated for by the addition of outer-membrane-stabilizing agents.
The sensitivity of the fabF2/F1, fabF2 and fabF1 mutants to detergents was determined to confirm that the outer membrane structure was compromised ( Table 2 ). The mutants were hypersensitive to the anionic detergents deoxycholate and sarcosyl. Also, both biofilm and planktonic cells were hypersensitive to doxycycline, a hydrophobic antibiotic (data not shown). All of these results suggest that the outer membrane integrity is compromised in the fabF2/F1, fabF2 and fabF1 mutants.
Lack of VLCFA-containing lipid A contributes to an increased sensitivity to desiccation and osmotic stress
To quantify the fabF2/F1 mutant's sensitivity to desiccation, the ability of the mutant to survive drying at ambient temperature and humidity for 16 h was determined (Table 2) . We found that the mutant had more than an eightfold reduction in percentage survival following desiccation, compared with the wild-type. This suggests that structurally intact LPS is important in protecting cells against desiccation stress.
In addition to desiccation, the mutant was sensitive to hyper-and hypo-osmotic stress (Table 2) . These results agree with data for acpXL and lpxXL mutants of S. meliloti and R. leguminosarum, which were also sensitive to hyperosmotic stress (Ferguson et al., 2005; Vedam et al., 2003) . The fabF2 and fabF1 single mutants were also sensitive to osmotic stress, further confirming the results for the transposon mutant.
Excretion of neutral polysaccharides is increased in a mutant lacking the VLCFA of lipid A In rhizobia, hypo-osmotic stress tolerance is associated with the production of periplasmic cyclic b-(1,2)-glucans (Dylan et al., 1990 
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, respectively. No changes were observed in the amount of CPS or EPS in the transposon mutant (data not shown). Two distinct forms of neutral polysaccharides have been described for R. leguminosarum: a low-molecularweight cyclic b-(1,2)-glucan (Zevenhuizen et al., 1990 ) and a high-molecular-weight glucomannan (Laus et al., 2006) . To determine whether one or both of the neutral polysaccharides were elevated in the fabF2/F1 mutant, the amount of reducing sugar present in the neutral polysaccharide fraction was determined using the method of Lever (1972) . The cyclic b-(1,2)-glucan molecule contains no terminal glucose residues, and therefore no reducing sugars, whereas the glucomannan is described as having terminal mannose and some terminal glucose residues, both of which are reducing sugars (Laus et al., 2006) . Therefore, if the increased amount of neutral polysaccharide in the mutant was due to an increase in the amount of glucomannan, there would be an expected increase in the amount of reducing sugars. However, no difference was . HMW, high-molecular-weight LPS; LMW, low-molecular-weight LPS. ND *Strains were grown in VMM broth or VMM supplemented with 0.075 % DOC or 0.050 % sarcosyl (SARC) for 2 days. OD 600 values were measured. Percentage growth was calculated as described in Methods. Values are the mean (±SD) from three independent trials. DDesiccation sensitivity assays were performed as described in Methods. Percentage survival values presented are the mean (±SD) percentage survival from three independent trials. dStrains were grown in TY supplemented with 69.5 mM NaCl (hyperosmotic) or GYM medium (hypo-osmotic) for 2 days, and the growth was compared with that of strains grown in TY medium. OD 600 values were measured. Percentage growth values are the mean and SD from three independent trials. §Difference between the wild-type and mutant is statistically significant at P ,0.001 (Student's t test ]. Consequently, the increased amount of neutral polysaccharide in the mutant is suggestive of an increase in the amount of cyclic b-(1,2)-glucan.
The suggested increase in the cell surface-associated cyclic b-(1,2)-glucan could be caused by one of two mechanisms: (1) the fabF2/F1 mutant synthesizes more cyclic b-(1,2)-glucan than the wild-type; (2) the cyclic b-(1,2)-glucan is distributed in the mutant differently from in the wild-type. In R. leguminosarum, cyclic b-(1,2)-glucans are found in the periplasm, within the cell capsule, and also associated with the more diffuse EPS (Breedveld & Miller, 1994) . It could be that alterations to the outer membrane permeability caused by the fabF2/F1 mutation result in leakage of b-(1,2)-glucans from the periplasm to the cell surface.
In R. leguminosarum, cyclic b-(1,2)-glucans are synthesized from UDP-glucose by the cytoplasmic membrane protein NdvB. To determine whether the possible increase in secreted b-(1,2)-glucan was due to an increase in biosynthesis, the activity of the ndvB promoter was measured in the wild-type and the fabF2/F1 mutant. There was no significant difference in the expression of the ndvB promoter between the wild-type and the fabF2/F1 mutant, with expression activities of 2038±306 and 2023±248 Miller units, respectively. These observations agree with those of Breedveld & Miller (1994) , who found that cells grown in conditions such as high salt that increase the permeability of the outer membrane excrete large amounts of b-(1,2)-glucan, without a corresponding increase in ndvB expression. Taken together, these results suggest that the VLCFA-deficient lipid A structure observed in the fabF2/F1 mutant increases the permeability of the outer membrane to small, neutral molecules, such as the b-(1,2)-glucans, and the predicted decrease in periplasmic b-(1,2)-glucan may therefore result in increased sensitivity to hypo-osmotic stress.
The fabF2/F1 mutant is altered in biofilm formation
Biofilm formation by the fabF2/F1 mutant strain was analysed to determine whether the pleiotropic changes in mutant cell structure might affect the attachment of the mutant to solid surfaces. When assessed by viable cell counting, both the wild-type and the mutant strain formed biofilms with similar mean cell densities of 5.3±0.5 and 5.7±0.3 c.f.u. per peg in the CBD, respectively. However, the nature of how the adherent bacteria were organized on the plastic surfaces was substantially different between the wild-type and the mutant.
Staining of biofilms with AO and examination by CLSM (Fig. 4) indicated that the wild-type strain had formed loosely organized microcolonies at the air-liquid-surface interface, and single cells, which were attached to the surface by their poles, were scattered across the CBD peg. In contrast, the fabF2/F1 mutant formed large, tightly organized microcolonies at the air-liquid-surface interface, yet by comparison, single cells were sparingly attached to the remainder of the peg surface. Unlike the polar attachment of wild-type cells, the fabF2/F1 cells were attached to the plastic by their sides.
Single cells in glutaraldehyde-fixed biofilms of the wildtype strain stained with Syto-9+TRITC-ConA had a yellow hue, suggesting that lectin binding was distributed across the cell surfaces; furthermore, many cells also had a concentration of lectin binding at a single pole of the cell (Fig. 4) . However, the mutant cells appeared green, with the lectin binding in relatively large abundance at a single pole of the cell. Asymmetrical distribution of cell-surface polysaccharides is important for the normal polar adhesion of R. leguminosarum to surfaces (Laus et al., 2006) . The increased longitudinal attachment of the fabF2/F1 mutant to the polystyrene surface suggests that this process is disrupted by alterations to the VLCFA of LPS; however, a putative mechanism underlying this phenomenon is not clear from the present work. Similar experiments with the complemented strain fabF2/F1+pCS115 showed that it had a biofilm and cell structure similar to the wild-type (data not shown).
Mutations in the fabF2 and fabF1 genes result in loss of motility Alterations in LPS structure have been observed to cause motility-related defects (Priefer, 1989; Garcia-de los Santos & Brom, 1997; Hynes & McGregor, 1990) . The mutant 38EV28 was used to assess the effect of a fabF1 mutation on the motility of R. leguminosarum 3841. The fabF2/F1 transposon mutant was also non-motile; however, motility was not restored in the complemented strain and therefore further investigation was limited to the fabF1 mutant. The fabF1 mutant was non-motile, whereas the wild-type had a swimming diameter of 7.8±0.84 mm when inoculated into YES medium for 48 h. Complementation of the fabF1 mutant with pCS115 restored motility, with a swimming diameter of 5.0±1.7 mm. In addition, phase-contrast microscopy was used to confirm that there was no observable swimming in the mutant strain.
A non-motile phenotype has also been described for ndvA and ndvB mutants under hypo-osmotic conditions. To see whether the non-motile phenotype of the fabF1 mutant was related to the observed alterations in cyclic b-(1,2)-glucan, the ability of the mutant to swim in YES medium supplemented with 50 mM NaCl was determined. The mutant was still unable to swim even in the presence of additional salt, while both the wild-type and complemented strains swam normally (data not shown), suggesting that the alterations to the lipid A structure directly cause the observed defects in motility rather than the sensitivity of the mutant to hypo-osmotic conditions. Electron microscopy was used to determine whether or not the mutant strain was flagellated (Fig. 5) . The large amount of dark background material on the grids is EPS. We found that while some of the mutant cells had flagella, the majority of the cells were not flagellated. Based on the swimming and phase-contrast microscopy, it is likely that the small number of flagella produced are non-functional.
To further confirm the non-motile phenotype of the fabF1 mutant, the expression of several motility-related genes was determined using gusA transcriptional fusions (Table 3) . From these experiments it was found that the class III motility genes flaA, mcpC and mcpD were all downregulated two-to threefold in the fabF1 mutant compared with the wild-type. Also, the class IA visN gene and the class IB regulator rem were significantly downregulated. In S. meliloti, the motility, chemotaxis and flagellar genes are arranged in a three-tiered hierarchy of expression, with the VisNR global regulator at the top followed by the Rem regulator, which regulates the expression of the class II and Lipid A mutant of R. leguminosarum class III genes (Rotter et al., 2006) . The data we have presented suggest that the fabF1 mutation affects motility gene expression at the highest levels of regulation. The lack of flagella in the mutant suggests a feedback mechanism whereby motility genes are downregulated due to the inability of the mutant to effectively assemble flagella.
DISCUSSION
This study describes the isolation and characterization of mutations within the putative 3-oxoacyl [acyl-carrier protein] synthase II genes fabF1 and fabF2 from R. leguminosarum 3841. This research provides experimental evidence that FabF1 and FabF2 are required for synthesis of the VLCFA component of lipid A, and that osmotic and detergent stress tolerance, phenotypes previously observed in VLCFA-deficient lipid A acpXL and lpxXL mutants of R. leguminosarum and S. meliloti, are also observed in the fabF2 and fabF1 mutants. In addition, we have attributed the activities of FabF1 and FabF2 to several new processes that are presumably important for the persistence of freeliving cells in the rhizosphere, including desiccation tolerance, biofilm formation, and motility.
Several researchers have speculated that LPS plays a role in desiccation tolerance (Cytryn et al., 2007; Vriezen et al., 2007) . Recent microarray data from Bradyrhizobium japonicum has identified several genes related to synthesis of LPS that are upregulated in response to desiccation (Cytryn et al., 2007) . Lloret et al. (1995) found that structural changes to LPS occur when cells are stressed by conditions that mimic desiccation stress, but that similar changes are not seen when the same cells are osmotically stressed, suggesting that cells may alter LPS structure as a specific adaptation to desiccation. The mutagenesis results provided here are the first direct evidence linking LPS structure to desiccation tolerance in rhizobia. The DOC-PAGE analyses of the LPS from the various fabF2/F1 mutants suggest that changes may have occurred to the Oantigen of the mutant. Notably, studies with Salmonella enterica serovar Typhimurium have found that cells lacking the O-antigen have increased sensitivity to drying, which Garmiri et al. (2008) suggested was due to loss of the ability to maintain a hydrated protective layer around the cell. Therefore, it is possible that the desiccation sensitivity of the mutant is related to alterations in the polysaccharide component of the LPS and may not necessarily be directly linked to the altered lipid A structure. Future research will be directed to determining the specific contributions of the lipid A and polysaccharide components of the LPS to desiccation tolerance in rhizobia.
The interaction of the fabF2/F1 mutant with plastic surfaces was altered compared with wild-type cells, and this affected the structure of R. leguminosarum bv viciae biofilms. The wild-type R. leguminosarum cells showed polar attachment to the neutrally charged, polystyrene surface of the CBD, whereas the fabF2/F1 mutant cells attached to the plastic surface longitudinally. Staining of the mutant and wild-type biofilms with a fluorescent lectin (TRITC-ConA) suggests that relative to wild-type cells, a mannose-and/or glucose-rich polysaccharide accumulates at the poles of the fabF2/F1 mutant. Since the fabF2/F1 mutant does not appear to produce more glucomannan than wild-type cells it remains to be determined whether the suggested increase in cyclic b-(1,2)-glucan excretion in the fabF2/F1 mutant is contributing to the observed alterations in lectin binding or whether the glucomannan is distributed differently on the surface of the mutant compared with wild-type biofilm cells. Furthermore, an explanation of why this polar polysaccharide does not anchor cells to surfaces is not clear from the present study. Taken together, our data suggest that the VLCFA modification of LPS is directly or indirectly involved in the normal, asymmetrical localization of polysaccharides in cells and that alterations to LPS affect how R. leguminosarum naturally organizes onto surfaces. It will be interesting to determine whether the observed difference in polysaccharide localization between mutant and wildtype biofilm cells is present on planktonic cells. Laus et al. (2006) have recently proposed that a unipolar, highmolecular-weight glucomannan in R. leguminosarum RBL5523 plays a role in bacterial cell docking at the host plant root surface via lectins. Therefore, future research will also be directed towards determining whether the fabF2/F1 mutant is altered in attachment to plant roots.
Studies with an acpXL mutant of R. leguminosarum 3841 found that the mutant is able to fix nitrogen, but is delayed in the formation of nitrogen-fixing nodules (Vedam et al., 2003) . Similar to the acpXL mutant, the VLCFA-deficient 
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*Strains were grown to late-exponential phase in TY broth and specific activity was determined as described in Methods. Data presented are the mean (±SD) of three independent trials. DDifference between the wild-type and mutant is statistically significant at P ,0.006 (Student's t test).
fabF2/F1 mutant is able to form functional nitrogen-fixing nodules (data not shown). Analysis of the lipid A structure of the bacteroids from the acpXL mutant showed that they are restored in their ability to produce the VLCFA in planta (Vedam et al., 2006) . Vedam et al. (2006) identified a region of the symbiotic plasmid pRL10 that contains a putative acp gene, which they speculate is able to compensate for lack of acpXL expression during symbiosis. Notably, the gene region of this acp does not contain additional fabF-like genes, suggesting that R. leguminosarum 3841 cannot use alternative genes to compensate for fabF1 and fabF2 mutations during symbiosis. It will be interesting to determine whether the LPS of the fabF2/F1 mutant bacteroids contains the VLCFA modification on the lipid A.
A BLASTP search of published bacterial genomes using the amino acid sequences of the VLCFA biosynthetic proteins suggests that the unique 27-hydroxyoctacosanoate VLCFA modification is limited to the Rhizobiales and to a number of intracellular pathogens, Legionella spp., Brucella spp. and Bartonella spp. (Vedam et al., 2006) . However, a specific explanation of why only these Gram-negative bacteria require a VLCFA remains elusive. In this study we have identified a role for the VLCFA in several key phenotypes linked to free-living survival of rhizobia, including desiccation tolerance, biofilm formation and motility. These results indicate that in addition to its possible role during symbiosis, the VLCFA modification is likely to play an important role in the survival of R. leguminosarum 3841 in the rhizosphere.
